The metabolic symbiosis with photosynthetic algae of the genus Symbiodinium allows corals to 18 thrive in the oligotrophic environments of tropical seas. Many aspects of this relationship have 19 been investigated using transcriptomic analyses in the emerging model organism Aiptasia. 20
Introduction 33
The symbiotic relationship between photosynthetic dinoflagellates of the genus Symbiodinium 34 and corals is the foundation of the coral reef ecosystem. This metabolic symbiosis is thought to 35 enable corals to thrive in the oligotrophic environment of tropical oceans by allowing efficient 36 recycling of nitrogenous waste products in return for photosynthates from the symbionts 1 . 37
Despite the importance of this symbiotic relationship, research has been hampered by the general 38 difficulties associated with the maintenance of corals, their slow growth rates, and the 39 infeasibility of maintaining them in an aposymbiotic state 2 . 40
To overcome these disadvantages, the sea anemone Aiptasia (sensu Exaiptasia pallida 3 ) has 41 emerged as a powerful model system in the study of cnidarian-Symbiodinium symbiosis. Aiptasia 42 belongs to the same class (Anthozoa) as corals, and similarly establishes a symbiotic relationship 43 with Symbiodinium 4 . In contrast to corals, it can be easily maintained and effectively 44 manipulated under common laboratory conditions. Its rapid asexual reproduction provides 45 relatively large amounts of experimental material for high-throughput studies 5 , while sexual 46 reproduction can be induced efficiently under well-designed conditions 6 . More importantly for 47 symbiosis-related studies, Aiptasia can be maintained in an unstressed, aposymbiotic state as 48 long as it is fed regularly 7, 8 . It can also be re-infected with a variety of Symbiodinium strains 9 , 49 which allows for comparative studies analyzing the effects of different symbionts on the host. 50
The use of Aiptasia as a model organism has advanced our understanding of the metabolic 51 aspects of symbiosis, in particular the identification of glucose as the main metabolite transferred 52 from symbiont to host 10 . However, the molecular mechanisms underlying host-symbiont 53 metabolic interactions are still largely unknown. Particularly the role of nitrogen recycling from 54 waste ammonium is still debated. While it is generally assumed that ammonium assimilation is 55 predominantly performed by the symbiont, some studies show that symbiont-growth is nitrogen 56 limited in hospite 11, 12, 13, 14 , suggesting that the host might be able to control nitrogen availability. 57
Consequently, it has been proposed that recycling of ammonium waste by the host might serve as 58 a mechanism to control symbiont densities 15, 16 . 59
Many genomic, transcriptomic, and proteomic studies have been conducted on the topic of 60 cnidarian-Symbiodinium symbiosis in the last two decades to unravel the molecular 61 underpinnings of this relationship 17, 18, 19, 20, 21, 22, 23 . Due to technical limitations, most of these 62 studies did not have the sensitivity required to detect extensive changes of symbiosis-associated 63 genes. However, these limitations are gradually being overcome by next-generation sequencing 64
techniques. The first Aiptasia-centered whole transcriptome comparison between symbiotic and 65 aposymbiotic animals was performed by Lehnert et al. 24 . Since then, multiple studies on the 66
Aiptasia-Symbiodinium symbiosis have explored different aspects of this relationship and raised 67 several interesting hypotheses 2, 25 . Despite this increasing wealth of information, our knowledge 68 of underlying key genes associated with this relationship is still limited. While transcriptomic 69 studies have provided valuable information, the resulting lists of putative candidate genes 70 contain thousands of genes, making it difficult to disentangle true symbiosis-related signals from 71 other experimental and technical factors. Furthermore, it was difficult to contrast results across 72 studies due to the lack of a reference genome when most of the studies were carried out. The 73 recent availability of the Aiptasia genome 2 provides a set of high-quality gene models as a 74 reference for transcriptomic analyses. RNA-Seq data can now be mapped directly to these gene 75 models for quantification, thus allowing the comparison of results across different studies. 76
Here, we carried out a meta-analysis of four RNA-Seq datasets comparing expression differences 77 between symbiotic and aposymbiotic Aiptasia (strain CC7) in order to discern sources of 78 technical errors and experimental variations, and to identify a core set of genes and pathways 79 involved in symbiosis establishment and maintenance. 80
Results

82
We conducted our meta-analysis on 3 previous RNA-Seq studies that generated 4 separate 83 Differential expression analyses. Although the four datasets were distinct, there was still a clear 108 separation of symbiotic and aposymbiotic replicates within each of the datasets. We 109 hypothesized that this separation was due to the differential expression of core genes involved in 110 symbiosis initiation and/or maintenance. To identify these genes, we performed four independent 111 differential expression analyses using the exact same pipeline and parameters. These analyses 112 identified between 2,398 to 11,959 differentially expressed genes (DEGs), corresponding to 113 ~10-50% of all expressed genes in the respective studies (Table 1) . Surprisingly, the overlap 114 between these lists of DEGs was poor despite the large number of DEGs identified in the 115 individual analyses: only 300 genes were consistently differentially expressed across all four 116 studies. Out of these 300 genes, 166 were upregulated in symbiotic anemones in all comparisons, 117 while 134 were found to be downregulated in symbiotic animals, relative to aposymbiotic 118 controls (Table 1) Performing a meta-analysis across four datasets. To obtain a more robust set of core genes 128 involved in symbiosis, we performed a meta-analysis with random effects across the four 129 independent differential gene expression analyses (Table S1) . Using this approach, we identified 130 731 genes that exhibited a more consistent response to symbiosis. 131
To assess the robustness of these genes, we carried out a principal variance component analysis 132 (PVCA) 27 to detect the connections between the expression profiles and the different 133 experimental parameters used in each study (Fig. 2, Table S2 ). For the four individual studies, 134 we found that the symbiotic state of the anemones accounts for a relatively small fraction (6.5% 135 in raw data, 8.4% in normalized data) of the observed variance. Most of the variance was 136 introduced by differences in feeding frequency, days between feeding and sampling, water, light 137 intensity, and temperature. We further noticed that a large proportion of the variance across these 138 four datasets remained unaccountable, suggesting that technical variability, e.g. RNA extraction, 139 library preparation and sequencing, also introduces substantial unwanted heterogeneity to gene 140 expression profiles. When the PVCA was similarly applied to the 731 genes identified through 141 our meta-analysis, we observed that these genes had a significantly enhanced association with 142 symbiosis. Symbiosis state accounted for 46.6% of the expression variance observed in these 143 genes (Fig 2) . 144
We noticed that smaller gene lists tended to have variances that were better explained by 145 symbiosis state, exemplified by DEG_YL and DEG_EML-36 having better association with 146 symbiosis than DEG_SB and DEG_EML. Thus, one could argue that the meta-analysis merely 147 achieved better association with symbiosis as it had the fewest genes of interest. To assess this 148 confounding factor, we performed PVCA on a set of randomly picked 731 genes from DEG_YL. 149
This was repeated 10,000 times (i.e., a Monte-Carlo approach), and for other DEG lists 150 (DEG_SB, DEG_EML and DEG_EML-36). These simulations allowed us to estimate that the 151 likelihood of our meta-analysis producing the observed 46.6% by random chance was p < 10 -4 (0 152 of 40,000 trials had symbiosis state accounting for > 46.6% of the variance). biases, we conducted GO and KEGG pathway enrichment analyses on the DEGs identified using 167 the four independent differential gene expression analyses, respectively. Across the analyses of 168 four independent experiments, 283-645 GO terms and 9-55 KEGG pathways were enriched. 169
However, the functional overlap across all studies was poor: a large proportion of the putatively 170 enriched terms were only identified in a single dataset (~75% in GO, and ~65% in KEGG) (Fig.  171   S2 ). Compared to these independent analyses, the GO and KEGG pathway enrichment of the 731 172 symbiosis-associated core genes contained fewer significant GO terms (204), but comparatively 173 more significantly enriched KEGG pathways (31). Many of the enriched GO terms and KEGG 174 pathways, as well as their associated genes, fit well with processes previously reported to be 175 involved in symbiosis, including symbiont recognition and the establishment of symbiosis, host 176 tolerance of symbiont, and nutrient exchange between partners and host metabolism which are 177 discussed separately (Supplementary Information S1). However, our analysis also identified 178 several symbiosis-related processes that were previously overlooked; of these processes, 179 pathways associated with amino acid metabolism exhibited the most extensive changes in 180 response to symbiosis. 181
Extensive changes of amino acid metabolism in response to symbiosis. Amino acid and 182 protein metabolism represented a major symbiosis-related aspect in our meta-analysis. 9 of 31 183 enriched KEGG pathways and 18 of 125 enriched biological process GO terms were associated 184 with amino acid and/or protein metabolism (Fig. 3) . A total of 97 DEGs were involved in these 185 processes, of which 43 were upregulated in symbiotic animals. Interestingly, the DEGs involved 186 in most of the enriched biological processes exhibited consistent expression changes (Fig. 3A) , 187 i.e. the genes associated with the corresponding process were either exclusively upregulated or 188 (Fig. 4) . We observed that genes catalyzing 201 glycine/serine biosynthesis from food-derived choline were systematically downregulated in 202 symbiotic anemones. In contrast, the genes involved in de novo serine biosynthesis from 3-203 phosphoglycerate, one of the glycolysis intermediates, and glutamine/glutamate metabolism 204 were generally upregulated (Fig. 4A) . The resulting change in amino acid synthesis pathways 205 suggested that symbiotic hosts utilize glucose and waste ammonium to synthesize serine and 206 glycine, which are both main precursors for many other amino acids (Supplementary Information 207 S1). Based on these findings, we hypothesized that the host uses symbiont-derived glucose to 208 assimilate waste ammonium to produce amino acids. 209
To test this hypothesis, we further investigated metabolomes of symbiotic and aposymbiotic 210 anemones using nuclear magnetic resonance (NMR) spectroscopy. Three metabolites in the de 211 novo serine biosynthesis pathway were highly abundant in symbiotic Aiptasia (two of them 212 significantly so, p < 0.05), while five out of the six intermediates in the alternative glycine/serine 213 biosynthesis pathway using food-derived choline were significantly enriched in aposymbiotic 214 anemones as predicted (Fig. 4B) . However, as glucose produces multiple peaks in the 1 H NMR 215 spectrum, and most of these peaks overlap with many other potential metabolites in both 216 symbiotic and aposymbiotic anemones, it was not possible to precisely determine glucose 217 concentrations via NMR. Consequently, we performed 13 C bicarbonate labeling experiments and 218 compared metabolite profiles of symbiotic and aposymbiotic anemones using gas 219 chromatography-mass spectrometry (GC-MS), in order to test if the glucose is indeed provided 220 by the symbiont and if the downstream usage of symbiont derived organic carbon is in the host. 221
Our experiments confirmed that symbionts provide large amounts of 13 C-labeled glucose to the 222 host ( Fig. S3 ) and that the 13 C-labeling was significantly enriched in many amino acids and their 223 precursors in symbiotic anemones compared to aposymbiotic ones (Table S2) . Moreover, 224 metabolite set enrichment analysis indicates that these 13 C-enriched are associated mainly with 225 several amino acid metabolism pathways (Fig. S4) , which is consistent with the enrichment 226 analysis of 731 differentially expressed genes. For the amino acids with good abundance in both 227 symbiotic and aposymbiotic animals, we examined the proportion of 13 C in each of them, 228
respectively. Interestingly, we observed relatively stable increases (~1.5-fold) of 13 C levels in 229 symbiotic animals compared with aposymbiotic ones (Fig. 4C ). This constant increase may 230 indicate there is a unique carbon source (photosynthesis-produced glucose) rather than multiple 231 sources (glucose and symbiont-derived amino acids) in host amino acid biosynthesis. 232 Batch effects are known to introduce strong variation in high throughput sequencing studies 28, 29 . 250
However, this is often overlooked in transcriptomic studies, and especially so in non-model 251 organisms. Our analysis of RNA-Seq data from four independent experiments analyzing 252 transcriptional changes between symbiotic and aposymbiotic Aiptasia highlighted that batch 253 effects are indeed pervasive in published data, even among studies using the same genotype 254 (clonal strain CC7). Analyses of the combined dataset from all four experiments showed clear 255 grouping of samples by experiment rather than treatment. However, when each experiment was 256 analyzed independently, replicates separated by symbiotic states as expected. Interestingly, we 257 found that the observed batch effects were not restricted to technical biases. Our analyses 258
showed that the specific experimental setups in each study were a greater source of variance than 259 the symbiosis state, which was the actual factor of interest in these studies. More importantly, we 260 found that genes closely related to the processes involved in symbiosis, such as nutrient 261 exchanges, may also respond significantly to various parameters of culture conditions, such as 262 the feeding frequency, days between sampling and feeding, water, light intensity, and the 263 temperature. Without careful design, such factors may exert effects on gene expression that mask 264 the changes specific to the treatment of interest (symbiotic state). 265
Based on our findings, we suggest two potential venues to reduce the high signal-to-noise ratio in 266 differential expression studies. Firstly, future transcriptomic efforts should take extreme care to 267 standardize all experimental conditions save for the one under study. For example, culture 268 conditions should be identical, treatments should be performed on multiple independent batches, 269
RNA extractions and library preparation should be carried out on all samples simultaneously. 270
The prepared libraries should also be sequenced in the same run to further minimize technical 271
variations. Secondly, one should not dogmatically adhere to the convention of using p = 0.05 as 272 the cutoff for statistical significance. If a study considers one in every three genes as significantly 273 differentially expressed, to a careful reader, the proclaimed significance of those genes is 274 diminished. As the number of DEGs increase, the rate of type I errors would also increase, which 275 would make the discovery of meaningful biological processes more difficult. 276
From the functional interpretation of DEGs associated with enriched GO terms and KEGG 277 pathways, we found that many processes in the host were significantly induced or suppressed in 278 response to symbiosis. One of the key features that has been overlooked in previous studies is the 279 switch of serine biosynthesis pathways in Aiptasia in response to symbiosis. 280
The downregulation of choline transport indicates a decrease of the host's demand on dietary 281 choline during symbiosis. Correspondingly, genes involved in the downstream conversion of 282 choline to betaine and the production of glycine from betaine are also downregulated. The 283 decrease of glycine caused by this downregulation is likely compensated by the metabolism of 284 serine, which can be achieved by the observed upregulation of serine hydroxymethyltransferase 285 (SHMT, AIPGENE4781), which catalyzes the interconversions between glycine and serine. 286 Interestingly, our results suggest that serine is one of the key components in the amino acid 287 interconversions, as the genes involved in its de novo biosynthesis from 3-phosphoglycerate (one 288 of the intermediates of glycolysis) were consistently upregulated. The conversion from glutamate 289 to 2-oxoglutarate, catalyzed by the upregulated phosphoserine aminotransferase (PSAT, 290 AIPGENE17104), may serve as the main reaction to provide amino groups for the biosynthesis 291 of amino acids. Since 2-oxoglutarate is also one of the intermediates in the citrate acid cycle, an 292 increase of glucose provided by the symbionts may also increase the overall activity of the cycle, 293 hence raising the relative abundance of 2-oxoglutarate in symbiotic animals. High levels of 2-294 oxoglutarate have been reported to induce ammonium assimilation through glutamine synthetase 295 / glutamate synthase cycle 30 . Consistent with this finding, we observe all the genes involved in 296 this pathway to be upregulated in symbiotic anemones. 297
Metabolomic analyses of symbiotic and aposymbiotic anemones confirm the predictions derived 298 from our transcriptomic meta-analysis. Most of the intermediates in the de novo serine 299 biosynthesis using symbiont-derived glucose were highly enriched in symbiotic anemones and 300 showed increased 13 C-labeling. whereas many of the metabolites from choline-betaine-glycine-301 serine conversion have decreased abundance in symbiotic animals. Furthermore, we also 302 identified many other amino acids showing significantly increased abundance and 13 C-labeling 303 signals, suggesting that serine may serves as metabolic intermediate for the production of other 304 amino acids. Taken together, these results highlight that symbiont-derived glucose fuels 305 ammonium assimilation and amino acid production in the host and that serine biosynthesis acts 306 as a main metabolic hub in symbiotic hosts. 307
The strong shifts in host amino acids metabolic pathways induced by symbiont-provided glucose 308 described here indicate the major nitrogen and carbon sources of the anemone host, and their 309 interactions in the Aiptasia-Symbiodinium symbiosis. The catabolism of glucose through 310 pathways such as glycolysis, pentose phosphate pathway, and citric acid cycle, not only 311 generates more energy (in forms of ATP, NADH, and NADPH), which is critical to ammonium 312 assimilation, but also produces more intermediate metabolites that can serve as carbon 313 backbones in many biosynthetic pathways such as amino acid synthesis. Our findings thus 314 highlight nitrogen conservation, i.e. the host driven assimilation of waste ammonium using 315 symbiont-derived carbon, as a central mechanism of the cnidarian-algal endosymbiosis 16 . This 316 metabolic interaction might serve as a self-regulating mechanism for the host to control symbiont 317 density through the regulation of nitrogen availability 15 in a carbon dependent manner. This 318 allows for higher nitrogen availability in early stages of infection (few symbionts translocating 319 few carbon) and gradual reduction of nitrogen availability with increasing symbiont densities 320 (many symbionts translocating more carbon). The strict dependence of this mechanism on 321 symbiont-derived carbon highlights the sensitivity of this relationship to changes in carbon 322 translocation as imposed by stress-induced retention of photosynthates by symbionts 31, 32 . 323 324
Materials and Methods 325
Data collection and pre-processing. Based on literature review of recently published Aiptasia 326 genome and transcriptome studies, four datasets generated from three previous publications 2, 24, 26 327 were obtained (Table 1 ). All RNA-Seq experiments were performed on the clonal Aiptasia strain 328 (CC7) and sequenced on the same platform (Illumina HiSeq 2000) . Three of the datasets 329 contained 101 bp paired-end reads, while the last one contained 36 bp single-end reads. Samples 330 were labeled based on the initials of the first author of published papers and ongoing project. 331
As all raw data from Lehnert et al. 24 was provided as a monolithic FASTQ file, a custom Python 332 script was written to split the reads into its constituent replicates, as inferred from the FASTQ 333 annotation lines. 334 To combine the studies, a random-effects model was used. While the use of this model is 367 somewhat discouraged for meta-analyses with few studies as it is prone to produce type I errors 35 , 368
we still opted for its use over the fixed-effects model due to the substantial inter-study variation 369 evident in the PCAs performed previously. Also, the type I error rate could be controlled by 370 setting a more conservative p threshold, if required. The two-tailed p-value was calculated using 379
and then subsequently corrected for multiple hypothesis testing with the Benjamini-Hochberg-380
Yekutieli procedure 37, 38 using a Python script. Genes with corrected p < 0.05 were considered 381 differentially expressed. For transparency, calculations for all equations were implemented 382 manually in Microsoft Excel (Table S3) To suppress any residual HDO peak, the 1 H NMR spectrum were recorded using excitation 415 sculpting pulse sequence (zgesgp) program from Bruker pulse library. To achieve a good signal-416 to-noise ratio, each spectrum was recorded by collecting 512 scans with a recycle delay time of 5 417 seconds digitized into 64 K complex data points over a spectral width of 16 ppm. Chemical shifts 418 were adjusted using 3-trimethylsilylpropane-1-sulfonic acid as internal chemical shift reference. 419
Before Fourier transformations, the FID values were multiplied by an exponential function 420 equivalent to a 0.3 Hz line broadening factor. The data was collected and quantified using Bruker 421 Topspin 3.0 software (Bruker BioSpin, Germany), with metabolite-peak assignment using 422
Chenomx NMR Suite v8.3, with an up-to-date reference library (Chenomx Inc., Canada). 423
For 13 C-labelling investigation using GC-MS, dried samples were re-dissolved in 50 µl of 424 Methoxamine (MOX) reagent (Pierce, USA) at room temperature and derivatized at 60 °C for 425 one hour. 100 µl of N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) was added and 426 incubated at 60 °C for further 30 min. 2 µl of the internal standard solution of fatty acid methyl 427 ester (FAME) were then spiked in each sample and centrifuged for 5 min at 10,000 rpm. 1 µl of 428 the derivatized solution was analyzed using single quadrupole GC-MS system (Agilent 7890 429 GC/5975C MSD) equipped with EI source at ionization energy of 70 eV. The temperature of the 430 ion source and mass analyzer was set to 230 °C and 150 °C, respectively, and a solvent delay of 431 9.0 min. The mass analyzer was automatically tuned according to manufacturer's instructions, 432 and the scan was set from 35 to 700 with scan speed 2 scans/s. Chromatography separation was 433 performed using DB-5MS fused silica capillary column (30m x 0.25 mm I.D., 0.25 µm film 434 thickness; Agilent J&W Scientific, USA), chemically bonded with 5% phenyl 95% 435 methylpolysiloxane cross-linked stationary phase. Helium was used as the carrier gas with 436 constant flow rate of 1.0 ml min -1 . The initial oven temperature was held at 80 C for 4 min, then 437 ramped to 300 °C at a rate of 6.0 °C min-1, and held at 300 °C for 10 min. The temperature of 438 the GC inlet port and the transfer line to the MS source was kept at 200 °C and 320 °C, 439
respectively. 1 µl of the derivatized solution of the sample was injected into split/splitless inlet 440 using an auto sampler equipped with 10 µl syringe. The GC inlet was operated under splitless 441 
